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SalinityAnemones are frequently found in rocky intertidal coasts. As they have highly permeable body surfaces,
exposure to the air or to salinity variations inside tidal pools can represent intense osmotic and ionic
challenges. The intertidal Bunodosoma caissarum has been compared with the subtidal Anemonia sargassensis
concerning their response to air exposure or salinity changes. B. caissarummaintains tissue hydration through
mucus production and dome-shape formation when challenged with air exposure or extreme salinities (fresh
water or hypersaline seawater, 45 psu) for 1–2 h. Upon exposure to mild osmotic shocks for 6 h (hyposmotic:
25 psu, or hyperosmotic: 37 psu), B. caissarum was able to maintain its coelenteron ﬂuid (CF) osmolality
stable, but only in 25 psu. A. sargassensis CF osmolality followed the external medium in both salinities.
Isolated cells of the pedal disc of B. caissarum showed full capacity for calcium-dependent regulatory volume
decrease (RVD) upon 20% hyposmotic shock, at least partially involving the release of KCl via K+–Cl−
cotransport, and also of organic osmolytes. Aquaporins (HgCl2-inhibited) likely participate in this process.
Cells of A. sargassensis showed partial RVD, after 20 min. Cells from both species were not capable of
regulatory volume increase upon hyperosmotic shock (20%). Whole organism and cellular mechanisms allow
B. caissarum to live in the challenging intertidal habitat, frequently facing air exposure and seawater dilution.e Ciências Biológicas, Universi-
l. Tel.: +55 53 3233 6852; fax:
vier OA license.© 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Occupation of rocky intertidal or subtidal habitats means differ-
ential exposure to several environmental stressors, dictated by the
tidal amplitude of the area (Richardson et al., 1997; Cha et al., 2004).
Organisms that inhabit the upper littoral zone can be exposed to the
air, and even organisms that remain submerged in tidal pools during
low tide can be exposed to sharp ﬂuctuations in water salinity,
temperature, dissolved oxygen, and pH (Connell, 1972; Nybakken,
1988).
Anemones are frequent inhabitants of intertidal zones. For such
animals, with highly permeable body surfaces, exposure to air or to
salinity variations can represent a severe challenge. Some anemones
present adhesive warts on the column that cause retention of debris,
creating a “moist protective coat”, thus reducing the rate of water loss
(Hart and Crowe, 1977). Anemones that live in the intertidal zone
such as Phymactis clematis and Anthothoe chilensis have also been
shown to retain water in their gastrovascular cavities during air
exposure, a response not observed in Antholoba achates, a subtidal
species (Stotz, 1979).When exposed to salinity variation, their coelenteron ﬂuid rapidly
(within 6 h) equilibrates with the new medium, as observed with
Bunodosoma cavernata and Condylactis gigantea (Pierce and Minasian,
1974; Bursey and Harmer, 1979; Benson-Rodenbough and Ellington,
1982). On its turn, dilution or concentration of the coelenteron ﬂuid
represents a challenge of cell volume regulation to cells and tissues
(Kirschner, 1991; Scemes et al., 1991; Ruiz and Souza, 2008). One can
expect that osmoconformer species that endure life in habitats
characterized by fast salinity changes, such as the intertidal habitat,
must be able to depend on efﬁcient mechanisms of cell volume
regulation (Kirschner, 1991; Foster et al., 2010).
If a cell, after swelling (hyposmotic shock), activates mechanisms
to reduce its volume, this process is termed regulatory volume
decrease (RVD). Conversely, mechanisms used to restore lost volume
due to a hyperosmotic shock are called regulatory volume increase
(RVI) (Chamberlin and Strange, 1989; Hoffmann and Dunham, 1995;
Lang and Waldegger, 1997; Wehner et al., 2003; Choe and Strange,
2008; Hoffmann et al., 2009). Both RVD and RVI are the result of the
participation of transport pathways of organic and/or inorganic
solutes. During RVD, cells reduce edema through the efﬂux of solutes
followed by water. In RVI, lost volume is recovered through the inﬂux
of solutes, which is also followed by water (Hallows and Knauf, 1994;
Wehner et al., 2003; Strange, 2004). Changes in the rate of production
or oxidation of intracellular free amino acids are also very relevant,
and have been reported for the anemones Metridium senile,
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Benson-Rodenbough and Ellington, 1982; Kasschau et al., 1984;
Howard et al., 1987; Deaton and Hoffmann, 1988).
Mechanisms of volume regulation in coelenterates have so far
been largely unexplored. La Spada et al. (1999), when studying
isolated nematocysts of Aiptasia diaphana, were the ﬁrst group to
report the dependence of coelenterate cell volume regulation on
inorganic osmolytes: K+ and Cl− during RVD, and the mobilization of
Na+, K+ and Cl− during RVI. Still, there is no literature on cell volume
regulation in external tissues such as the pedal disc of anemones.
The anemones Bunodosoma caissarum and Anemonia sargassensis
are widely distributed along the Brazilian coast. The two species
occupy rocky coasts, but in distinct distribution patterns: B. caissarum
is intertidal and can be found exposed to the air during low tide, or
trapped inside upper littoral tidal pools. On the other hand,
A. sargassensis is subtidal and always found submerged, when in
large tidal pools. The only physiological evaluation found in the
literature for these species was one description of chemical transmis-
sion (Mendes, 1976) or of toxicity mechanisms (Malpezzi et al., 1993;
Alés et al., 2000; Oliveira et al., 2004), for B. caissarum.
Thus, this study aimed at describing physiological responses of
these two anemones to air exposure and salinity challenges. The
hypothesis tested was that the intertidal B. caissarum would be more
tolerant of salinity and air exposure challenges, being more capable of
maintaining tissue hydration, when compared to the subtidal
A. sargassensis. Cells of B. caissarum would also be expected to be
more efﬁcient in RVD/RVI than cells of A. sargassensis. Pathways
involved in ion transport during cell volume regulation have also been
investigated, for both species.6 8 10 12 14 16 18 20 22
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Fig. 1.Water salinity (psu) of seawater and rock crevices (A, under sunshine; C, under rain p
sunshine; D, under rain precipitation) of Itapema do Norte Beach, with hourly measurement
*=Signiﬁcantly different from seawater salinity at that time.2. Materials and methods
2.1. Animals
Specimens of B. caissarum and A. sargassensiswere gently removed
by hand from their rocky substrate during low tide, in Itapema do
Norte Beach, located in Itapoá, Santa Catarina State, southern Brazil
(26° 04′S; 48° 36′W). Anemones were brought to the laboratory in
styrofoam boxes containing local seawater. They were acclimated to
lab conditions in a stock aquarium (salinity 30–32 psu, pH 7.4) at
~20 °C, under natural photoperiod, and constant aeration. Animals
were fed approximately once a week with small pieces of ﬁsh or
shrimp, offered directly to their mouth, using tweezers. A total of 60
anemones of each species were used, measuring ~6 cm (B. caissarum)
and ~3 cm (A. sargassensis) of pedal disc diameter.2.2. Salinity data from the ﬁeld
The intertidal environment inhabited by the anemones B. caissarum
and A. sargassensis has been characterized through salinity measure-
ments. Measurements were performed during low tides in January
2004, taking water samples hourly, from 6 am to midnight (Fig. 1). One
low tide was examined, under sunshine, and another under rain
precipitation, both during daytime. Salinity wasmeasured in: seawater,
tidal pools, and rock crevices. In the case of tidal pools, water samples
from three different layers have been collected: 1) from the surface
water, 2) midwater at approximately half of the water column, and 3)
close to the bottom.time (hour)
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s, from 7:00 to 22:00 h. Low tides were observed approximately between 8 and 13:00 h.
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2.3.1. Air exposure experiments
Tissuewater content of the anemoneswas determined in situ, in the
ﬁeld, during a low tide on a sunny summer day (in January 2006), under
an air temperature of 28 °C. Tissue fragments were removed from the
pedal disc of 12 specimens of each species. Of each species, 6 of the
chosen anemones were found submerged (and not exposed to the air
during low tide), being then considered as the control group, and 6
anemones were exposed to the air/sun for a period of ~1 h during low
tide. B. caissarum naturally occur uncovered by water at low tide.
However, A. sargassensis had to be manually removed from their
subtidal substrate and placed on a plastic tray for approximately 1 h to
have their tissue samples removed. Tissue fragments obtained (~0.05 g)
were transferred to tubes whichwere sealed, placed in ice, and brought
to the laboratory. Each fragment was weighed (wet weight) using an
analytical balance (precision 0.1 mg, Celtac, FA2104N, Brazil) and was
then dehydrated for 36 h at 60 °C. After dehydration, the fragment was
weighed again (dry weight), and tissue water was calculated: weight
loss as a percentage of the initial wet weight.
Air exposure under sunshine in the laboratory was conducted in
order to photograph the outer body wall of the anemones. They were
placed on plastic trays (n=6, all animals at the same time), for a period
of 1:30 h. After the period of sun/air exposure, animals were photo-
graphed using a stereo microscope, and were then returned to full-
strength seawater for recovery.
2.3.2. Salinity challenge experiments
2.3.2.1. Exposure to salinity extremes: Tolerance to fresh water exposure,
seawater dilution or seawater concentration. In the laboratory, after at
least 4 days of acclimation in the stock aquarium, anemones from
both species (n=6 for each species) were submitted to either fresh
water (salinity b0.5 psu), diluted seawater (5 psu), or concentrated
seawater (45 psu), for a period of 2 h. This exposure time approxi-
mated a situation possibly faced by these animals in their natural
environment, during low tide. Anemones were observed during the
exposure to the different salinities (in 2-L aquaria, individually), and
after the 2 h were allowed to recover in full-strength seawater
(32 psu) stock aquarium. Tested individuals were observed for a
period of 3 days following the experiment.
2.3.2.2. Exposure to mild osmotic shock: Coelenteron ﬂuid osmo-ionic
concentrations, tissue ions, and ninhydrin-positive substances. Both
species were submitted to mild hypo- (25 psu) and hyperosmotic
(37 psu) seawater (750 and 1130 mOsm kg H2O−1, respectively) for
6 h (2 anemones in each 1-liter aquarium). After these 6 h of
exposure, coelenteron ﬂuid (CF) was easily sampled (~300–500 μl)
using a syringe and a needle, and puncturing the oral disc to a depth of
a few millimeters inside the coelenteron ﬂuid cavity. A slice of pedal
disc (~0.05 g) was also removed. Osmolality was measured in the CF,
using undiluted samples (cryoscopic osmometer Gonotec Osmomat
30, Germany). Ions were measured in the ﬂuid and pedal disc
homogenates. Ninhydrin positive substances (NPS) were assayed
both in CF and in pedal disc tissue samples. Na+ and K+ concentra-
tions were quantiﬁed through ﬂame photometry (Analiser 900,
Brazil), and Cl− concentration was determined using a colorimetric
method (commercial Labtest kits, Brazil). CF was appropriately
diluted in deionized water for ionic determination. Tissue ionic
contents were assayed after weighing the slices, drying them in
microtubes for 36 h at 60 °C, and then extracting inorganic ions using
0.5 ml of HNO3 0.75 N for 24 h. After centrifuging the samples
(5000×g), supernatant was reserved and the pellet was exposed to
0.5 ml of NaOH 1.0 N for protein solubilization. Tissue ion content
(nmol) was then expressed per mg of total protein of the tissue.
Protein content was measured colorimetrically according to Lowry etal. (1951). Ninhydrin positive substances (NPS) were assayed
employing a method originally described by Clark (1968), and
adapted for smaller tissue and ﬂuid samples (Amado et al., 2006).
Themethod quantiﬁes the total ninhydrin-positive nitrogen, in citrate
buffer, and is expressed as μg NPS/ml (coelenteron ﬂuid) or μg/mg of
wet weight of the pedal slice.
2.4. In vitro experiments
2.4.1. Preparation of cells for cell volume analysis
Capacity for cell volume regulation upon osmotic shock (with or
without calcium)was tested, on isolated cells from the anemone's pedal
disc. Small fragments (~5 mg) of tissue from the pedal disc were placed
in a plastic tube containing 5 ml of Ca2+-free isosmotic saline. The
isosmotic saline was isosmotic to the coelenteron ﬂuid of anemones
acclimated to seawater (900 mOsm kg H2O−1). Composition (mM):
NaCl 500; KCl 10; MgSO4 50; NaHCO3 3; CaCl2 10; HEPES acid 2.5 and
HEPES Na+ salt 2.5. Measured osmolality of the isosmotic saline was of
980±8 mOsm kg H2O−1. After 1 h, dissociation was performed me-
chanically by gentle suction/expulsion using a Pasteur pipette, several
times. The suspension was then transferred to a new tube, and
centrifuged (290×g). The supernatant was discarded, and spinned
down cells were resuspended in isosmotic saline. Cells were transferred
to a coverslip (22 mm diameter) adapted to an acrylic chamber. They
were allowed to rest (at least 2 h) to adhere onto the coverslip. For each
experimental condition, at least 3 dissociations were prepared, each
from an independent animal.
In order to assure cell integrity, from the dissociation step to their
use in cell volume assays, aliquots of the suspension were submitted
to a cell viability test, using trypan blue. The test was conducted in
recently-dissociated cells, in cells that rested for ~2 h in isosmotic
saline. An aliquot was submitted for 20 min to hypo- and hyper-
osmotic shocks, and also had their viability tested in the end of the
experiment. Under all conditions, cell viability varied between 91.2±
3.6% and 92.7±1.1%, thus rendering our results trustworthy.
2.4.2. Cell volume measurements under osmotic stress and dependence
on Ca2+
The cellular volume analysis was performed in an inverted
microscope (Motic AE31) submitting the cells to each control or test
solution: 1) isosmotic control, 2) hyposmotic, 3) hyperosmotic, 4)
hyposmotic without Ca2+, and 5) hyperosmotic without Ca2+. The
experimental hyperosmotic and hyposmotic salines were respectively
125% and 80% of the control levels of all salts present in the
isosmotic saline. Measured osmolalities were of 1229±2 and 775±
15 mOsm kg H2O−1, respectively (n=4 solutions). In order to test for
the effect of calcium removal, control, hyperosmotic and hyposmotic
salines were prepared without the addition of CaCl2, and supple-
mented with EDTA (5 mM).
Each cell volume experiment lasted for a total of 20 min. The acrylic
chamber containing the cells in isosmotic saline was photographed
(time0), the isosmotic saline solutionwas replaced by the experimental
saline solution and then, the same cells were photographed again 2, 5,
10, 15 and 20 min after exposure to experimental conditions. The
images were captured by a digital camera (Moticam 480) and were
subjected to image analysis (Motic Images 2000-1.3). Cellular diameter
was measured, and cells were considered as spheres, in order to
calculate three-dimensional cell volume from two-dimensional cell
diameter: V=4/3πr3.
2.4.3. Analysis of solute pathways employed for cell volume regulation
Cell volume was also examined in the presence of some blockers of
the principal ion transport pathways known to be involved in cell
volume regulation under anisosmotic shock. Cells were photographed
in isosmotic saline (time 0), and the isosmotic saline solution was
replaced by the experimental saline solution (either hyposmotic or
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block the Na+/K+-ATPase, 100 μM of ouabain was used, both in hypo-
and hyper-experiments. Furosemide 3 mMwas employed to block K+-
Cl− cotransport (hypo), while at 100 μM to block Na+–K+–2Cl−
cotransport (hyper). DIDS (4,4-diisothiocyanatostilbene 2,2-dissulfonic
acid) 200 μM was employed to block the anion exchanger Cl−/HCO3−
(hypo- and hyper-). Under hyposmotic shock, the anion exchanger is an
expected route of organic osmolyte efﬂux during RVD (Kirk et al., 1992;
Pasantes-Morales et al., 1999). Amiloride was used (100 μM) to block
the cation exchanger Na+/H+. In addition to ion transport blockers,
HgCl2 was employed, as water channel blockers. Aquaporins AQP1,
AQP2, AQP3, and AQP5 are reported to be inhibited by inorganic
mercury, at ≥300 μΜ concentrations (Marinelli et al., 1997; Meinild et
al., 1998; Belyantseva et al., 2000; Watanabe et al., 2005). Thus, water
ﬂow through the aquaporins was assessed by the addition of 300 μM
HgCl2 during hyposmotic shock.
2.5. Statistical analysis
Data are presented as mean±SEM. Microhabitat salinities were
compared to seawater salinity using conﬁdence intervals (95%). One-
way analysis of variance (ANOVA) followed by Student Newman
Keuls (SNK) post-hoc test to localize differences were used for in vivo
coelenteron ﬂuid and pedal disc concentrations, and in vitro
experiments on pathway inhibitors. Repeated measurements of two
way ANOVAs followed by Holm-Sidak post-hoc test were employed
with the in vitro cell volume experiments, to test for the effect of
calcium removal and time of exposure to anisosmotic media. The
adopted signiﬁcance level was 95% (Pb0.05) in all cases.
3. Results
3.1. Water salinity data
During low tides under sunshine, water retained in rock crevices
or tidal pools display increased salinities, reaching 34–36 psu (Fig. 1A,
B). Conversely, as expected, when it rains during a low tide, salinityFig. 2. Outer body wall of the column of B. caissarum (A) and A. sargassensis (C), under contro
under sunshine: abundant warts and blisters and mucus production by B. caissarum (B), an
0.5 cm).drops down to 12–15 psu both in rock crevices and in tidal pools,
especially in their surface layers (Fig. 1C, D). Salinity stratiﬁcation was
observed in tidal pools under rain, with decreasing salinity values,
from bottom up inside the pool (Fig. 1D).
3.2. In vivo experiments
3.2.1. Air exposure
B. caissarum, which normally occurs exposed during low tides, did
not lose water after ~1 h exposed to the air under the sun (in the
ﬁeld): control levels of tissue hydration were of 75.9±1.1%, and were
not different after air exposure: 77.2±0.5%. However, the subtidal
A. sargassensis had 73.1±1.2% of tissue hydration when submerged,
but lost water when forcedly air exposed in the ﬁeld: 69.2±0.9%
(Pb0.05).
When anemoneswere air exposed under sunshine in the laboratory,
for 1:30 h,B. caissarumproducedmucus, clearly seen covering thewarts
and blisters of the body wall of the column (Fig. 2A, B). All individuals
recovered in water of 32 psu after the experiment. Forty-eight hours
after the experiment, the anemones remained attached to the walls of
the aquaria and waved their tentacles normally. On the other hand, A.
sargassensis dried out entirely after the experiment, none of the
specimens recovered, and all died, as seen in the shrunk appearance
of the whole anemone (Fig. 2C, D).
3.2.2. Exposure to salinity extremes
All individuals of B. caissarum displayed “dome” shape, retrieving
its tentacles to the interior of its gastrovascular cavity in all salinities
(b0.5, 5, and 45 psu), immediately upon exposure, while A. sargas-
sensis never did it. B. caissarum displayed intense mucus production
(all individuals) and release when exposed to the low salinities, but
not to concentrated seawater, while A. sargassensis never produced
mucus. The three younger/smaller individuals of both B. caissarum
and A. sargassensis detached from the substrate when placed in fresh
water; this behavior was not observed with the larger animals or in
the other salinities. With the exception of A. sargassensis in the
situations of reduced salinity (b0.5 and 5 psu), all animals recoveredl conditions, covered by seawater. Body wall of both species, after 1:30 h of air exposure
d dried, shrank appearance of A. sargassensis (D). (Stereomicroscope view, scale bars:
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Fig. 3. Coelenteron ﬂuid and pedal disc concentrations in B. caissarum (black symbols) and A. sargassensis (white symbols), upon exposure to mild hypo- (25 psu) and hyper-osmotic
(37 psu) shocks; control salinity: 30 psu. Osmolality (Osm, mOsm kg H2O-1 –●–) and concentrations of the ions (mM) Na+ (–▼–), Cl− (–■–), K+ (–♦–), and ninhydrin-positive
substances (NPS, μg/ml –▲–) of the coelenteron ﬂuid of B. caissarum (A) and A. sargassensis (D). Pedal disc concentrations of ions (μmol/mg protein) and NPS (μg/mg wet weight
tissue) in B. caissarum (B, C) and A. sargassensis (E, F). Data are shown as mean±SEM, n=3–7. Within each species and each analysis, the asterisk indicates difference from control
value (30 psu).
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B. caissarum specimenswere verymorbid, and displayed deterioration
of body wall tissue. After being transferred to a full-strength seawater
aquarium for recovery (32 psu), they took about 2 h to start moving
the tentacles, but all individuals recovered after 6 h. All individuals of
A. sargassensis died after freshwater exposure.
3.2.3. Exposure to mild osmotic shock
3.2.3.1. Coelenteron ﬂuid—osmolality, ions and NPS concentrations.
Osmolality of the coelenteron ﬂuid (CF) was maintained stable upon
hyposmotic shock, but increased upon hyperosmotic shock in
B. caissarum (Fig. 3A). Differently, in A. sargassensis (Fig. 3D),
CF osmolality followed media osmolality both in 25 and in 37 psu.In B. caissarum, sodium, chloride, and potassium displayed signiﬁcant
decreases in 25 psu: Na+ by 28%, Cl− 21%, and K+ 25% (Fig. 3A).When
in 37 psu, K+ increased 24% when compared to the control value. In
A. sargassensis, similarly, Na+ and Cl− also decreased at 25 psu: Na+
by 22%, and Cl− 17%. In 37 psu, Cl− increased by 43%, and K+
increased by 20% in A. sargassensis (Fig. 3D). In B. caissarum,NPS levels
increased both in 25 (49%) and in 37 psu (39%), when compared to
controls in 30 psu (Fig. 3A); in A. sargassensis, exposure to 25 psu
resulted in a 177% increase in CF NPS, and no change in 37 psu
(Fig. 3D).
3.2.3.2. Pedal disc ions and NPS concentrations. Chloride levels changed
according to salinity in B. caissarum tissue: in 25 psu there was a 51%
reduction, and in 37 psu a 49% increase. Sodium did not change in 25,
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decreased in tissue when submitted to 25 psu: Cl− by 31%, and Na+ by
54%. In 37 psu, A. sargassensis tissue had 30% reduction in Cl−. Tissue K+
did not change in both species and both salinity treatments (Fig. 3E).
NPS in the tissue of B. caissarum decreased under both osmotic shocks:
13% decrease in 25 psu, and 22% decrease in 37 psu (Fig. 3C). In
A. sargassensis NPS decreased (by 44%) only in 25 psu (Fig. 3F).
3.3. In vitro experiments
3.3.1. Cell volume analysis
B. caissarum pedal disc cells showed full cell volume regulation
upon 20% hyposmotic shock, maintaining their volume unchanged
throughout the entire experiment. Quite distinctly, A. sargassensis
cells showed swelling of 49.2±8.6% in the ﬁrst two minutes of
hyposmotic shock, followed by a partial adjustment of their volume in
the following minutes. Despite this partial adjustment, at the end of80
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Fig. 4. Time course of variation in cell volume (as % of initial volume) along 20 min of
exposure to hypo- (A, B. caissarum; C, A. sargassensis) or hyper-osmotic (C, B. caissarum;
D, A. sargassensis) salines, in the presence (–●–) or absence (–○–) of calcium. Osmotic
challenges: 20% reduction (hypo) or increase (hyper). Data of 7bnb16 cells,
dissociations from 3 individuals of each species, *=Signiﬁcantly different from value
in the presence of calcium, same experimental time. In the control lines, in the presence
of calcium, volume values for all time points were different from respective initial
values, for all lines, except for the hyposmotic experiment of B. caissarum (A), in which
no change in volume was detected.the experiment (20 min), these cells still showed a swelling of 24.5±
5.8%. The cells of both species behaved similarly upon hyperosmotic
shock: B. caissarum cells shrunk by 18.3±4.5%, and those of
A. sargassensis by 22.8±2.9%, after 20 min (Fig. 4).
3.3.2. Ca2+-dependence of cell volume regulation
The only effect of calcium removal on cell volume regulation was
observed for B. caissarum cells, when they were exposed to the
hyposmotic shock. In the presence of calcium they show complete
volume regulation, while in the absence of Ca2+ they exhibited a
swelling of 47.8±11% within the ﬁrst 2 min of exposure, reaching
62.5±13.7% after 20 min (Fig. 4A). Ca2+ removal did not affect the
response of the cells of B. caissarum to hyperosmotic shock, or that of
A. sargassensis cells to both challenges (Fig. 4B, C, D).
3.3.3. Solute pathways employed for cell volume regulation
B. caissarum cells were affected by the additions of ouabain,
furosemide, and DIDS; that is, they swelled more than in the absence
of those blockers (Fig. 5A). All cells exposed to hyposmotic saline in
the presence of HgCl2 lysed within the ﬁrst 2 min of exposure. In the
presence of inhibitors, the cells of A. sargassensis swelled to the same
degree as when exposed to hyposmotic shock in their absence
(Fig. 5C). The inhibitors tested did not change the degree of shrinking
measured in cells of B. caissarum and A. sargassensis submitted to
hyperosmotic shock, except for furosemide and cells of A. sargassensis
(Fig. 5B, D): the cells shrunk less in the presence of the inhibitor.
4. Discussion
4.1. Adaptations of B. caissarum to endure the harsh intertidal habitat
The rocky intertidal habitat of B. caissarum has been shown here to
display signiﬁcant changes in the salinity of tidal pool water, during
low tides under sunshine or under rainfall. Further, intertidal sessile
animals such as B. caissarum may well be exposed to the air during
low tides. In contrast, A. sargassensis is limited to subtidal areas, never
exposed to the air. When present in tidal pools, A. sargassensis always
occupies the lower (bottom) strata of larger pools. Moreover,
specimens of A. sargassensis frequently occur in aggregated groups,
which aids in the protection against dehydration. Thus, intertidal
species of anemones are expected to show morphological, physiolog-
ical and behavioral adaptations to life under such conditions. Animals
that do not possess shells or thick carapaces or tests, such as
anemones, with their soft bodies, are prone to be especially sensitive
to air exposure. So how do they withstand living in the intertidal
habitat? Morphological and behavioral adaptations in intertidal
anemones have already been described, such as the presence of
warts or blisters, mucus secretion by the body wall, adhesion of debris
and shells to retain humidity, dome shape formation during low tide,
or their restriction to sheltered areas of the rock, even when air
exposed (e.g., Hart and Crowe, 1977; Stotz, 1979).
B. caissarum has displayed several organismal adaptations for
coping with water and salinity stresses of the intertidal habitat,
whereas A. sargassensis has not. Mucus secretion and the presence of
warts have been observed in B. caissarum, but not in A. sargassensis,
which displays a very smooth body wall. After 1:30 h of air exposure
under sunshine, A. sargassensis was clearly dry and shrank, whereas
B. caissarum has shown intense mucus secretion, thus preventing
moisture loss, keeping its normal shape and size. When A. sargassensis
was forcedly air exposed for 1 h in situ, it has shown a reduction in
tissue hydration, whereas B. caissarum has not. B. caissarum displayed
the protective dome shape (which reduces area of contact with the
medium) both in the ﬁeld and during exposure to extreme salinities in
the laboratory. On the other hand, A.sargassensis never assumed that
shape. Moreover, A. sargassensis died after exposure to freshwater or
very dilute seawater, whereas B. caissarum recovered after exposure
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Fig. 5. Maximum variation in cell volume upon exposure to hypo- (A: B. caissarum, C: A. sargassensis) or hyper-osmotic (B: B. caissarum, D: A. sargassensis) salines, in the absence
(hypo, hyper) or presence of some blockers of membrane transporters. Blockers tested with hyposmotic shock: ouabain (100 μM), furosemide (3 mM), DIDS (200 μM), and HgCl2
(300 μM). Blockers tested with hyperosmotic shock: ouabain (100 μM), amiloride (100 μM), furosemide (100 μM), and DIDS (200 μM). Data of 7bnb15 cells, dissociations from 3
individuals of each species. *=Signiﬁcantly different from value in the absence of the blocker, for the same time of exposure.
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endure air exposure and extreme salinity variation during low tide, as
would be expected, given its distribution in intertidal rocky coasts.
Indeed, B. caissarum is twice as large as A. sargassensis. However, what
accounts for the capacity of B. caissarum to endure the harsh intertidal
habitat is not its larger size, and thus smaller relative surface, but the
presence of warts, the production of mucus, and the formation of
dome-shape.
4.2. In vivo hyposmotic shock
When both species were submitted to a mild osmotic challenge in
the lab, comparable with what they might face inside tidal pools in
nature, A. sargassensis displayed amore clear pattern of osmoconforma-
tion (treating coelenteronﬂuid as extracellularﬂuid),while B. caissarum
kept its coelenteron ﬂuid more stable upon salinity reduction. A
response similar to that of A. sargassensiswas reported for the anemone
C. gigantea to salinities from 20 to 46 psu, also within 6 h of exposure
(Bursey andHarmer, 1979).B. cavernata also equilibrated the osmolality
of its coelenteron ﬂuid quickly (6 h) when submitted to salinities
ranging from 11 to 49 psu (Benson-Rodenbough and Ellington, 1982).
There are no reports about the capabilities of cnidarians to regulate
coelenteron ﬂuid concentrations; available literature shows osmoionic
ﬂuid concentrations strictly following the variations of the external
medium(Bursey andHarmer, 1979; Benson-Rodenbough andEllington,
1982).
Upon hyposmotic shock, in B. caissarum, the coelenteron ﬂuid
concentrations of Na+, K+ and Cl− decreased 28%, 25% and 21%
respectively, which reasonably follows the proportion of salinity
dilution of the hyposmotic shock itself (~20%). Despite the reduction
in ionic content, ﬂuid osmolality did not change, possibly indicating
an increase in extracellular organic osmolytes. However, NPS increase
was not sufﬁcient to explain the observed stability in osmolality,
which may result from the movement of other organic osmolytes not
measured here. A. sargassensis, differently, did not show stability in
coelenteron ﬂuid osmolality upon hyposmotic shock. Ions varied
accordingly, showing essential conformation. However, NPS content
of the coelenteron ﬂuid of A. sargassensis displayed a 177% increase
upon exposure to dilute seawater, and this may reﬂect the reduction
in NPS content of the tissues. Cellular NPS release to extracellular
medium (coelenteron ﬂuid) would be an outcome of their participa-tion in cell volume regulation upon hyposmotic shock. It is known that
anemones such as M. senile and B. cavernata, when submitted to
osmotic stress, utilize organic osmolytes to maintain their cellular
volume (Benson-Rodenbough and Ellington, 1982; Howard et al.,
1987; Deaton and Hoffmann, 1988). It is relevant to note that NPS of A.
sargassensis tissues (2–4 μg/mg wet weight tissue) was much above
the respective values for B. caissarum (0.5–0.8 μg/mg wet weight
tissue). As described by Amado et al. (2006), no labeling of
extracellular space was performed, thus some of the measured tissue
ions or tissue NPS may not be exclusive of intracellular origin.
However, this error can be seen as systematic, where the absolute
magnitudes of the measurements may be subjected to error, but the
direction of change is what matters.
The results from the in vivo tissue ionic content apparently
indicate that A. sargassensis cells use both inorganic (Na+ and Cl−)
and organic osmolytes (NPS) for volume adjustments during
hyposmotic shock, while B. caissarum does not appear to use NPS
for that purpose, only possibly employing Cl−. This dual mechanism
observed in A. sargassensis had already been described in myocardial
cells of the crab Limulus polyphemus, which when under hyposmotic
stress, release Na+ and Cl− followed, after 12 h, by amino acids
(Warren and Pierce, 1982), but this has not been previously observed
in cnidarians.
4.3. In vivo hyperosmotic shock
B. caissarum under hyperosmotic conditions behaves as an
“osmoconformer”. However, no signiﬁcant increase in Na+ or Cl−
ions was observed in the coelenteron ﬂuid. The only osmolytes that
changed in the internal ﬂuid were: K+ increasing by 24%, and NPS
increasing by 39%, which may indicate tissue damage, as no increase
in Na+ or Cl− was observed. The absence of change in CF Na+ or Cl−
may mean cellular uptake of these ions for tissue water regulation, as
tissue levels of these ions in B. caissarum, under hyperosmotic stress,
indeed increased: respectively 81% and 49%. Marine osmoconformer
invertebrates display involvement of inorganic solutes in cell volume
regulation (Smith and Pierce, 1987; McCarty and O'Neil, 1992; Deaton
and Pierce, 1994; Souza and Scemes, 2000). This appears to be the
case with B. caissarum under anisosmoticity. This species tends to
accumulate Na+ and Cl− when exposed to hyperosmotic shock, as
also observed in other animals (Natochin et al., 1979; Macknight et al.,
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hyperosmotic shock, Cl− and K+ increased in the ﬂuid, respectively,
by 44% and 20%, followed by osmolality. However, no accumulation of
osmolytes was detected in the tissue. Contrary to the conclusion
drawn for the hyposmotic shock, organic osmolytes, as measured by
NPS, do not seem to be involved in tissue water regulation when these
anemones are under hyperosmotic stress. Both species studied here
seem to exhibit more regulatory mechanisms as a response to diluted
media than to the high salinity media, at least at the experimental
times selected for this study.
4.4. In vitro osmotic challenge
In vitro experiments have then been conducted in order to further
characterize the responses of the cells of these twoanemones toosmotic
stress. Through the application of hyposmotic and hyperosmotic shocks
to isolated cells, we could directly examine their volume responses. The
results indicate a distinct pattern of cell volume regulation when their
cells were subjected to hyposmotic shock. B. caissarum cells exhibited
complete volume regulation. Not only do they possess RVD mecha-
nisms, but they do not swell at all under hyposmotic shock; their
isosmotic volume was maintained throughout the entire experiment.
Reports of such an efﬁcient maintenance of cell volume have not yet
been described for cnidarian cells. This situation, wherewe observed no
swelling at all during a large abrupt change to a hyposmotic condition, is
usually observed only during gradual application of a hyposmotic shock,
which allows for a more efﬁcient activation of regulatory mechanisms
(Driessche et al., 1997; Tuz et al., 2001). Differently, an almost 50%
swelling immediately occurs after applying the hyposmotic shock
(~21% dilution) to A. sargassensis cells. After 20 min of exposure to
hyposmotic shock, cells begin to reduce cell volume, thus showing a
partial RVD response. However, they do not return to their original
volume until the end of the experiment. Contrary to these data, a third
response was observed in isolated nematocysts from the anemone
A. diaphanawhen subjected to hyposmotic shock (35% dilution), which
have shown swelling proportional to the osmotic shock, but that was
followed by a rapid RVD (within 5 min) (La Spada et al., 1999).
Calciumplays a central role in activating and controlling cell volume
regulation and RVD mechanisms in most cells exposed to hyposmotic
situations (McCarty and O'Neil, 1992; Hoffmann and Dunham, 1995;
Wehner et al., 2003). Increases in intracellular calcium are reported to
activate K+ and/or aminoacid efﬂuxes in RVD (Reuss and Cotton, 1994).
Here, the only effect of calcium removal on volume regulation of the
anemone cellswas on RVDbyB. caissarum. Similar resultswere found in
isolated nematocytes from A. diaphana, where RVDwas blocked if Ca2+
inﬂux was prevented either by applying a Ca2+ free solution or by
treating the cellswith Gd3+ (as Ca2+ stretch channel blocker) (La Spada
et al., 1999). Also,Marino and La Spada (2007) studied the participation
of Ca2+ during RVD and RVI in A.mutabilis nematocytes, and they found
that Ca2+ is needed to perform RVD and RVI. Contradicting these
evidences, the participation of extracellular Ca2+ in the partial RVD
response of A. sargassensis was not observed. Reports about calcium
signaling during RVI are not common (Marchenko and Sage, 2000;
Erickson et al., 2001). Cardiac tissue of the frog Rana catesbeiana,when
submitted to hyperosmotic saline, also did not show any involvement of
Ca2+ in the observed regulatory mechanisms (Cruz and Souza, 2008).
When anemone cellswere exposed to hyperosmotic saline, they did not
essentially display true RVI, but they certainly minimize shrinking (do
not show osmometric behavior). And these mechanisms are not
calcium-dependent.
4.5. Pathways involved in RVD and RVI
In the literature, Na+/K+-ATPase inhibition leads to quite variable
results in terms of cell volume regulation. Itmay cause cell swelling, cell
shrinkage, or no change in cell volume (Lang et al., 1998). In our results,withosmotic shockplus ouabain, therewasonly aneffectwhenouabain
was associated to the hyposmotic shock, on B. caissarum cells; cells have
swollen even more than when submitted to the hyposmotic shock
alone. This increase in volume was also observed in the hyposmotic
shockunder calcium-free conditions. Increase in intracellular Ca2+plays
an important role on cell volume regulation, stimulatingNa+/K+ATPase
(Reuss and Cotton, 1994). Thus, as B. caissarum cells show a Ca2+-
dependent RVD (extracellular Ca2+ inﬂux and/or intracellular Ca2+
release), it maywell be that the increase in Ca2+ during the hyposmotic
shock stimulates the Na+/K+ ATPase.
The electroneutral release of KCl appears to be one of the major
characteristics of the RVD in many cellular systems (Lang et al., 1998;
Wehner et al., 2003). One way to release these osmolytes is through
activation of the K+–Cl− cotransporter. The participation of this carrier
was apparent during the RVD of cells from B. caissarum, as the
application of a hyposmotic shock in the presence of furosemide
(3 mM, a blocker of this pathway at this concentration) inhibited the
ability to complete RVD. This result demonstrates that the release of K+
andCl− ions via theK+–Cl− cotransporter is of fundamental importance
for B. caissarum to maintain normal cell volume during hyposmotic
shock. Furthermore, this pathway seems to be very quickly activated,
since the cells never swell. When isolated nematocysts from the
anemone A. diaphana were subjected to a hyposmotic shock (35%), an
RVD was observed through the efﬂux of KCl (La Spada et al., 1999). La
Spada and collaborators were the ﬁrst to report the involvement of
osmolyte ﬂux pathways in anemone cell volume regulation. For
B. caissarum cells performing RVD, Na+/K+-ATPase and K+–Cl− seem
to be in action, probably both pathways being stimulated by Ca2+; the
higher activity of the pump contributes to the increase in the outward
chemical gradient for K+.
Since the literature describes that organic osmolytes might use
pathways with similar characteristics to that of inorganic anions,
organic ﬂux may then be sensitive to blockers of chloride pathways
(Kirk et al., 1992; Pasantes-Morales et al., 1999). The cells of both species
were exposed to hyposmotic shock in the presence of DIDS (200 μM), a
blocker of chloride transporters. Only B. caissarum cells responded to
this blocker, i.e., they showed a volume increase that did not occur with
theapplication of hyposmotic shock. This result suggests that the release
of organic osmolytes for the purpose of cell volume regulation is at least
in part, via a DIDS-sensitive pathway.
Through the exposure of cells from B. caissarum to a hyposmotic
shock in the presence of mercury chloride, we could suggest the
involvement of aquaporins (such as AQP1, AQP2, AQP3, and AQP5) in
RVD. The cells failed to maintain their control cell volume and swelled
dramatically, causing rupture of their plasma membranes. These data
however, indicate that the pathway for water inﬂux is another
aquaporin, insensitive tomercury chloride, which explains the swelling
and bursting. Therefore, in the case of B. caissarum exposed to
hyposmotic saline plus Hg2+, water gets in but cannot get out, thus
causing cells to burst. The samewas not observed in A. sargassensis cells.
The swelling pattern found in the presence of mercury chloride was
again the same as when the cells were exposed only to a hyposmotic
shock. In both situations, the cells swelled close to 50%. In the presence
of Hg2+, these cells did not burst, which is consistent with a proposal
that cells ofA.sargassensisdonot employHgCl2-sensitivewater channels
for water efﬂux during their partial RVD.
It was not possible, considering the blockers employed in the
presence of hyposmotic shock, to highlight the osmolyte transport
pathways in A. sargassensis cells. Thus, these cells could be using other
routes, but probably not Na+–K+ ATPase, the K+–Cl− cotransporter, or
the release of organic osmolytes through inorganic pathways. Lack of
effect of ouabain as observed here with A. sargassensis cells exposed to
the hyposmotic shock was also described for mouse embryonic cells
(Pogorelov and Pogorelova, 2009). There was an indication of a late
osmolyte mobilization (around 20 min post-exposure), which is
probably the release of NaCl by an untested conductive pathway, or
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display high titers of NPS, and that the in vivo results point to a release of
NPS into the coelenteron ﬂuid upon hyposmotic shock.
Cells of both B. caissarum and A. sargassensis did not show the
capacity for RVI upon hyperosmotic shock. There was a reduction in
volume which was proportional to the degree of shock. Again, in
contrast with these data, isolated nematocysts from A. diaphana
showed the capacity to volume regulate in hyperosmotic conditions
(RVI). This process involved uptake of ions through Na+ channels and
through the cotransporter Na+–2Cl−–K+ (Marino and La Spada,
2004).
Interestingly, when cells from A. sargassensis were subjected to
hyperosmoticity in the presence of furosemide, Na+–2Cl−–K+
inhibitor (at 100 μM), cells lost less volume than when simply
subjected to the hyperosmotic saline. Somehow, the blockade of this
transporter appeared to activate another pathway that increased
osmolyte uptake, or perhaps, more simply, generated the retention of
osmolytes. If Na+–2Cl−–K+ in anemone cells works promoting efﬂux
of Na+, K+, and Cl−, instead of their uptake, its blockade by
furosemide would indeed cause retention of osmolytes. In fact,
depending on gradients and driving forces, this cotransporter can
operate reversibly, promoting osmolyte efﬂux (Russell, 2000). A high
(e.g., ~7-fold) inward chemical gradient for chloride ([Cl−]out/[Cl−]in)
would favor the operation of this transporter for the inﬂux of the ionic
osmolytes, but a ~2-fold inward chemical gradient for chloride would
favor its opposite operation, for osmolyte efﬂux (Russell, 2000). This is
also a result of the stronger outward chemical gradient for potassium,
and considering the 1:1:2 Na+:K+:Cl− stoichiometry, which results in
electroneutral transport of ionic osmolytes (Russell, 2000). This
behavior of Na+–2Cl−–K+ in anemone cells can be expected, as
marine osmoconformer cells often display a higher outward chemical
gradient for K efﬂux (~10-fold concentration gradient), than an
inward chemical gradient for Na+ or Cl− uptake (~2–4-fold
concentration gradient). Indeed, intracellular sodium chloride in
these invertebrates can be remarkably high (Wilmer, 1978; Kirschner,
1991; Stucchi-Zucchi and Salomão, 1998).
In conclusion, morphological and behavioral adaptations of the
whole organism allied to cellular mechanisms of cell volume
regulation, especially upon seawater dilution, allow B. caissarum to
live in the intertidal, while A. sargassensis cannot. B.caissarum 1)
displays dome-shape formation and mucus production to reduce
water loss, through a decrease in its apparentwater permeability, 2) is
able to hold its coelenteron ﬂuid osmolality slightly regulated upon
hyposmotic shock, and 3) performs complete RVD. On the other hand,
A. sargassensis, restricted to the subtidal, uses essentially NPS for
partial RVD capacity.Acknowledgements
Authorswould like to thank Dr. Robert T Boyle for critically reading
themanuscript, and Dr. Horst Onken for kindly donating the transport
blockers. EM Amado had support from CAPES, Brazil. The authors
afﬁrm that all experiments were conducted in accordance with
Brazilian laws of Ethics in Animal Experimentation.References
Alés, E., Gabilan, N.H., Cano-Abad, M.F., García, A.G., López, M.G., 2000. The sea anemone
toxin Bc2 induces continuous or transient exocytosis, in the presence of sustained levels
of high cytosolic Ca2+ in chromafﬁn cells. J. Biol. Chem. 275, 37488–37495.
Amado, E.M., Freire, C.A., Souza, M.M., 2006. Osmoregulation and tissue water regulation in
the freshwater red crab Dilocarcinus pagei (Crustacea, Decapoda), and the effect of
waterborne inorganic lead. Aquat. Toxicol. 79, 1–8.
Belyantseva, I.A., Frolenkov, G.I., Wade, J.B., Mammamo, F., Kachar, B., 2000. Water
permeability of cochlear outer hair cells: characterization and relationship to
electromotility. J. Neurosci. 20, 8996–9003.Benson-Rodenbough, B., Ellington, W.R., 1982. Responses of the euryhaline sea
anemone Bunodosoma cavernata (Bosc) (Anthozoa, Actinaria, Actiniidae) to
osmotic stress. Comp. Biochem. Physiol. A 72, 731–735.
Bursey, C.R., Harmer, J.A., 1979. Induced changes in the osmotic concentration of the
coelenteron ﬂuid of the sea anemone Condylactis gigantea. Comp. Biochem. Physiol. A
64, 73–76.
Cha, H.-R., Buddemeier, R.W., Fautin, D.G., Sandhei, P., 2004. Distribution of sea
anemones (Cnidaria, Actiniaria) in Korea analyzed by environmental clustering.
Hydrobiology 530, 497–502.
Chamberlin, M.E., Strange, K., 1989. Anisosmotic cell volume regulation: a comparative
view. Am. J. Physiol. 257, C159–C173.
Choe, K., Strange, K., 2008. Volume regulation and osmosensing in animal cells. In:
Evans, D.H. (Ed.), Osmotic and Ionic Regulation: cells and animals. CRC press, New
York, pp. 37–67.
Clark, M.E., 1968. Free amino acid levels in the coleomic ﬂuid and body wall of
polychaetes. Biol. Bull. 134, 35–47.
Connell, J.H., 1972. Community interactions on marine rocky intertidal shores. Annu.
Rev. Ecol. Syst. 3, 169–192.
Cruz, L.N., Souza, M.M., 2008. Volume regulation mechanisms in Rana castebeiana
cardiac tissue under hyperosmotic stress. Zoology 111, 287–294.
Deaton, L.E., 1997. Comparative aspects of cellular-volume regulation in cardiomyo-
cytes. Physiol. Zool. 70, 379–390.
Deaton, L.E., Hoffmann, R.J., 1988. Hypoosmotic volume regulation in the sea anemone
Metridium senile. Comp. Biochem. Physiol. C 91, 187–191.
Deaton, L.E., Pierce, S.K., 1994. Introduction: cellular volume regulation mechanisms and
control. J. Exp. Zool. 268, 77–79.
Driessche, W.V., Smet, P.D., Li, J., Allen, S., Zizi, M., Mountian, I., 1997. Isovolumetric
regulation in a distal nephron cell line. Am. J. Physiol. 272, C1890–C1898.
Erickson, G.R., Alexopoulos, L.G., Guilak, F., 2001. Hyper-osmotic stress induces volume
change and calcium transients in chondrocytes by transmembrane, phospholipid, and
G-protein pathways. J. Biomech. 34 (12), 1527–1535.
Foster, C., Amado, E.M., Souza, M.M., Freire, C.A., 2010. Do osmoregulators have lower
capacity of muscle water regulation than osmoconformers? A study on decapod
crustaceans. J. Exp. Zool. A 313, 80–94.
Hallows, K.R., Knauf, P.A., 1994. Principles of cell volume regulation. In: Strange, K. (Ed.),
Cellular and Molecular Physiology of Cell Volume Regulation. CRC press, Boca Raton,
pp. 3–24.
Hart, C.E., Crowe, J.H., 1977. The effect of attached gravel on survival of intertidal
anemones. Trans. Am. Microsc. Soc. 96, 28–41.
Hoffmann, E.K., Dunham, P.B., 1995.Membranemechanisms and intracellular signalling in
cell volume regulation. Int. Rev. Cytol. 161, 173–262.
Hoffmann, E.K., Lambert, I.H., Pedersen, S.F., 2009. Physiology of cell volume regulation in
vertebrates. Physiol. Rev. 89, 193–277.
Howard, C.L., Swank, P., Kasschau, M.R., 1987. Environmental and seasonal inﬂuences of
the free amino acid pool of the sea anemone Bunodosoma cavernata (Bosc) under
natural conditions. Comp. Biochem. Physiol. A 87, 319–325.
Kasschau, M.R., Ragland, J.B., Pinkerton, S.O., Chen, E.C.M., 1984. Time related changes in
the free amino acid pool of the sea anemone, Bunodosoma cavernata, during salinity
stress. Comp. Biochem. Physiol. A 79, 155–159.
Kirk, K., Ellory, J.C., Young, J.D., 1992. Transport of organic substratesvia a volume-activated
channel. J. Biol. Chem. 267, 23475–23478.
Kirschner, L.B., 1991. Water and ions. In: Prosser, C.L. (Ed.), Environmental and metabolic
animal physiology. : Comparative animal physiology.Wiley-Liss, NewYork, pp. 13–107.
La Spada, G., Biundo, T., Nardella, R., Meli, S., 1999. Regulatory volume decrease in
nematocytes isolated from acontia of Aiptasia diaphana. Cell. Mol. Biol. 45 (2),
249–258.
Lang, F., Waldegger, S., 1997. Regulating cell volume. Am. Sci. 85, 440–447.
Lang, F., Busch, G.L., Ritter, M., Volkl, H., Waldegger, S., Gulbins, E., Haussinger, D., 1998.
Functional signiﬁcanceof cell volumeregulatorymechanisms. Physiol. Rev. 78, 247–306.
Lowry, O.H., Rosebrough, A.L., Farr, A.L., Randall, R.J., 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193, 265–275.
Macknight, A.D.C., Gordon, L.G.M., Purves, R.D., 1994. Problems in theunderstanding of cell
volume regulation. J. Exp. Zool. 268, 80–89.
Malpezzi, E.L., Freitas, J.C., Muramoto, K., Kamiya, H., 1993. Characterization of peptides of
sea anemone venom collected by a novel procedure. Toxicon 31 (7), 853–864.
Marchenko, S.M., Sage, S.O., 2000. Hyperosmotic but not hyposmotic stress evokes a rise in
cytosolic Ca2+ concentration in endothelium of intact rat aorta. Exp. Physiol. 85 (2),
151–157.
Marinelli, R.A., Pham, L., Agre, P., LaRusso, N.F., 1997. Secretin promotes osmotic water
transport in rat cholangiocytes by increasing aquaporin-1 water channels in plasma
membrane. J. Biol. Chem. 272, 12984–12988.
Marino, A., La Spada, G., 2004. Regulatory volume increase in nematocytes isolated
from acontia of Aiptasia diaphana (Cnidaria, Anthozoa). Cell. Mol. Biol. 50,
533–542.
Marino, A., La Spada, G., 2007. Calcium and cytoskeleton signaling during cell volume
regulation in isolated nematocytes of Aiptasia mutabilis (Cnidaria: Anthozoa). Comp.
Biochem. Physiol. A 147, 196–204.
McCarty, N.A., O'Neil, R.G., 1992. Calcium signaling in cell volume regulation. Physiol.
Rev. 72, 1037–1061.
Meinild, A.K., Klaerke, D.A., Zeuthen, T., 1998. Bidirectional water ﬂuxes and speciﬁcity
for small hydrophilic molecules in aquaporins 0–5. J. Biol. Chem. 273, 32446–32451.
Mendes, E.G., 1976. Chemical mediation in Coelenterata. An. Acad. Bras. Ciênc. 47,
101–104.
Natochin, Yu.V., Berger, V.Ya., Khlebovich, V.V., Lavrova, E.A., Michailova, O.Yu., 1979. The
participation of electrolytes in adaptation mechanisms of intertidal molluscs' cells to
altered salinity. Comp. Biochem. Physiol. A 63, 115–119.
551E.M. Amado et al. / Comparative Biochemistry and Physiology, Part A 158 (2011) 542–551Nybakken, J.W., 1988. Marine Biology: An Ecological Approach. Harper-Collins Publishers,
New York.
Oliveira, J.S., Redaelli, E., Zaharenko, A.J., Cassulini, R.R., Konno, K., Pimenta, D.C., Freitas, J.C.,
Clare, J.J., Wanke, E., 2004. Binding speciﬁcity of sea anemone toxins to Nav 1.1–1.6
sodium channels: unexpected contributions from differences in the IV/S3-S4 outer loop.
J. Biol. Chem. 279 (32), 33323–33335.
Pasantes-Morales, H., Ochoa De La Paz, L.D., Sepulveda, J., Quesada, O., 1999. Amino acids as
osmolytes in the retina. Neurochem. Res. 24, 1339–1346.
Pierce, S.K., Minasian, L.L., 1974. Water balance of a euryhaline sea anemone, Diadumene
leucolena. Comp. Biochem. Physiol. A 49, 159–167.
Pogorelov, A.G., Pogorelova, V.N., 2009. Osmotic behavior of mouse embryonic cells
subjected to hypotonic shock. Bioﬁzika 54, 482–487.
Reuss, L., Cotton, C.U., 1994. Volume regulation in epithelia: transcellular transport and
cross-talk. In: Strange, K. (Ed.), Cellular and Molecular Physiology of Cell Volume
Regulation. CRC press, Boca Raton, pp. 31–47.
Richardson, D.L., Harriott, V.J., Harrison, P.L., 1997. Distribution and abundance of giant sea
anemones (Actiniaria) in subtropical eastern Australian waters. Mar. Freshw. Res. 48
(1), 59–66.
Ruiz, J.L., Souza, M.M., 2008. Osmotic stress and muscle tissue volume response of a fresh
water bivalve. Comp. Biochem. Physiol. A 151, 399–406.
Russell, J.M., 2000. Sodium–potassium–chloride cotransport. Physiol. Rev. 80, 211–276.
Scemes, E., Salomão, L.C., McNamara, J.C., Cassola, A.C., 1991. Lack of osmoregulation in
Aplysia brasiliana: correlation with response of neuron R15 to osphradial stimulation.
Am. J. Physiol. 260, R777–R784.
Smith, L.H., Pierce, S.K., 1987. Cell volume regulation by molluscan erythrocytes during
hypoosmotic stress: Ca2+ effects on ionic and organic osmolyte efﬂuxes. Biol. Bull. 173,
407–418.Souza, M.M., Scemes, E., 2000. Volume changes in cardiac ventricles from Aplysia brasiliana
upon exposure to hyposmotic shock. Comp. Biochem. Physiol. A 127, 99–111.
Stotz, W.B., 1979. Functional morphology and zonation of three species of sea anemones
from rocky shores in Southern Chile. Mar. Biol. 50, 181–188.
Strange, K., 2004. Cellular volume homeostasis. Rev. Adv. Physiol. Educ. 28, 155–159.
Stucchi-Zucchi, A., Salomão, L.C., 1998. The ionic basis of membrane potentials and
adaptation to hyposmotic stress in Perna perna, an osmoconforming mollusk. Comp.
Biochem. Physiol. A 121, 143–148.
Tuz, K., Ordaz, B., Vaca, L., Quesada, O., Pasantes-Morales, H., 2001. Isovolumetric
mechanisms in cultured cerebellar granule neurons. J. Neurochem. 79, 143–151.
Warren, M.K., Pierce, S.K., 1982. Two cell volume regulatory systems in the Limulus
myocardium: an interaction of ions and quaternary ammonium compounds. Biol. Bull.
163, 504–516.
Watanabe, S., Kaneko, T., Aida, K., 2005. Aquaporin-3 expressed in the basolateralmembrane
of gill chloride cells in Mozambique tilapia Oreochromis mossambicus adapted to
freshwater and seawater. J. Exp. Biol. 208, 2673–2682.
Wehner, F., Olsen, H., Tinel, H., Kinne-Saffran, E., Kinne, R.K.H., 2003. Cell volume regulation:
osmolytes, osmolytes transport, and signal transduction. Physiol. Biochem. Pharmacol.
148, 1–80.
Wilmer, P.G., 1978. Sodium ﬂuxes and exchange pumps: further correlates of osmotic
conformity in the nerves of an estuarine bivalve (Mytilus edulis). J. Exp. Biol. 77,
207–223.
